Abstract: A retardation effect of boric acid on the cyclization reaction of polyacrylonitrile (PAN) was clearly observed by Fourier transform infrared spectroscopy. The Lewis acid nature of boric acid probably accounts for this retardation effect. A quantitative evaluation of this effect was also made, indicating two potential applications, i.e., high temperature stabilization and melt spinning, which are favourable for the cheap and fast fabrication of PAN-based carbon fibers.
Introduction
Polyacrylonitrile (PAN)-based carbon fibers have found very important applications in high-tech fields, such as aircraft and aerospace, due to their excellent mechanical properties [1] . However, because of the limitation of the higher cost and the lower productivity, they are still unable to be widely applied in the high-volume consumption areas like automobiles and buildings. The time-consuming thermo-oxidative stabilization of the PAN precursor, which is known as a crucial step for making PANbased carbon fibers, is one of the main reasons responsible for the difficulties in reducing cost and enhancing productivity [2] .
The stabilization of PAN precursors for carbon fibers is generally carried out in an oxidizing atmosphere which is typically air between 200 and 300 °C [3] . During this process, PAN undergoes a number of physical and chemical changes due to a variety of exothermic chemical reactions. There are three major reactions occurring during stabilization. These are [3] [4] [5] [6] :
(1) Cyclization of nitrile groups: Cyclization of intramolecular pendant nitrile groups transforms the linear PAN polymer into a ladder-type structure.
(2) Oxidative dehydrogenation: Hydrogen, as an unnecessary heteroatom for final carbon fibers, is eliminated in the form of water through reaction with oxygen of the air, giving conjugated C=C structures on the chain backbone.
(3) Oxygen uptake reactions: Oxygen, besides acting as dehydrogenation agent, also forms oxygen-containing groups such as -OH, >C=O, and -COOH on the chain backbone by way of direct oxidation reactions.
Among them, the cyclization reaction, which converts PAN into an infusible stable ladder polymer, is of most importance [7] [8] .
The cyclization reaction is very sensitive to temperature. As the heat-treatment temperature increase, it becomes more and more fast and fierce [9] . The oxidation reactions, including dehydrogenation and oxygen uptake reactions, are largely influenced by the diffusion of oxygen [2] ; a limited oxygen diffusion rate results in requiring longer treatment time and formation of inhomogeneous stabilized structure, namely skin-core structure [10] . These are mainly responsible for the difficulties in enhancing the productivity and quality of PAN-based carbon fibers [2] . An increase of heat-treatment temperature for increasing the diffusion rate, however, will result in fierce cyclization reaction which may be even out of control.
Various comonomers and additives have been employed to moderate the stabilization reactions [11] [12] [13] [14] [15] [16] [17] . In our previous study, we have reported that boric acid seems to be a promising additive used for balancing the rates of these stabilization reactions by means of differential scanning calorimetry (DSC) incorporated with thermogravimetry (TG) [16] . However, the effect of boric acid on the cyclization reaction is still ambiguous, although Grassie and Mcguchan have studied the effect of boric acid on the thermal behavior of PAN homopolymer during pyrolysis in nitrogen by differential thermal analysis (DTA) and TG long before [17] . This is because the commonly used thermal analysis techniques, including DSC, DTA and TG, depend seriously on the experimental condition [18] , and fail to give separated information corresponding to each isolated reaction. Thus, it is difficult to draw a clear conclusion from the thermal analysis data.
In this study, we applied Fourier transform infrared spectroscopy (FTIR) to investigate the effect of boric acid on the cyclization reaction. A retardation effect of boric acid on the cyclization reaction was clearly observed, and a quantitative evaluation of this effect was also made.
Results and Discussion
The codes of the samples containing different boric acid contents are given in Tab. 1. The FTIR spectra of these samples before heat treatment are shown in Fig. 1 . The absorption at 2243cm -1 is assigned to C≡N stretching vibration in AN unit, the peak at about 1708 cm -1 is due to the C=O stretching vibration of -COOH in IA unit. The absorption bands of the stretching vibration and bending vibration of CH 2 are observed at 2940 and 1455cm -1 , respectively. As for the other IR bands, their assignments can be found in references [19] [20] [21] [22] . The characteristic absorption bands of boric acid can not be clearly observed, since they are overlapped with the bands of PAN.
Tab. 1. Code of the samples containing varying boric acid contents.
Sample code
Boric acid content /% P0 P1 P2 0 1.2 2.2 Fig. 2 shows FTIR spectra of the samples after heat treatment at different temperatures. As shown in Fig. 2A , when the pure PAN (P0) was heat-treated at 200 3°C for 30 min, a broad absorption band at about 1595cm -1 first appears. This band is mainly attributed to the cyclization reaction. As shown in Fig. 3 , the cyclization of nitrile groups yields an imine structure, which then probably tautomerizes to an enamine structure [23] . Thus, the 1595cm -1 band has been generally assigned to the combination vibrations of C=N and C=C stretching, and NH in-plane bending [24] . The formation of the ladder structure by cyclization is meaningful for making carbon fiber from PAN precursor. The ladder polymer structure makes PAN precursor infusible and stable enough to survive higher-temperature pyrolysis during carbonization without decomposing [18] . Continued heat treatment of the ladder polymer leads to a greater degree of unsaturation, eventually producing an aromatized ladder structure [25] .
However, a similar absorption band cannot be found in the similarly treated boric acid-doped samples (P1 and P2). Until they were heat-treated at 220 °C (Fig. 2B.) , the 1595cm -1 band can be observed, but obviously weaker than that in the pure PAN. With boric acid content increasing from 1.2 to 2.2%, this band tends to become weaker. It indicates that the cyclization reaction has been actually retarded by boric acid.
In essence, the cyclization of nitrile groups is an intramolecular electron transfer reaction. The cyano nitrogen atom, which bears partial negative charge due to the highly polar nature of the nitrile group, makes a nucleophilic attack on the carbon atom of an adjacent nitrile group, resulting in conversion of C≡N groups to a conjugated C=N structure. Boric acid is known as a typical Lewis acid that can accept a pair of electron. Thus, the retardation effect of boric acid on the cyclization reaction is probably due to its electron withdrawing ability, which has hindered the electron transfer among nitrile groups. It can be inferred that Lewis acid acts as inhibitor to the cyclization reaction. This conclusion has been confirmed by some other common Lewis acids, such as FeCl 3 and ZnCl 2 .
During the stabilization, as the cyclization reaction proceeds, the C≡N groups gradually convert to C=N groups. As shown in the typical FTIR spectra, the 2243cm -1 band of the C≡N groups decreases in intensity. In the meantime, the 1595cm -1 band continues to increase [9] . were determined by using the same film, the ratio of absorbance of these two bands is approximately equal to the ratio of content of the generated C=N groups to the residual C≡N groups. The plots of R versus heat-treatment temperature are shown in Fig. 4 . As compared with P0, P1 and P2 show a rather slow increase of the R values. With boric acid content increasing, R increases more slowly. It indicates that boric acid has depressed the sensitivity of cyclization reaction to the heat-treatment temperature.
As the cyclization reaction becomes insensitive to temperature, it is feasible to carry out the stabilization of PAN precursor at a higher temperature, which will save a lot of time. Boric acid-aided high-temperature stabilization seems to be a good method to reduce the cost and enhance the productivity of PAN-based carbon fibers. Fig. 5 shows the plot of R versus heat-treatment time at 220 °C. The R values of the boric acid-doped samples P1 and P2 increase rather slowly than that of P0. It confirms that boric acid can slow down the speed of the fast cyclization reaction.
Recently, Bhanu et al. [27] [28] [29] have reported a cheap solventless melt-spun technique for making PAN-based carbon fibers. They have chosen a PAN copolymer containing more than 10 mol% of methyl acrylate as precursor, since their melting temperature is below the initial thermal decomposing temperature. In order to enhance the melt processability, they also have used boric acid to as a stabilizer. As mentioned above the cyclization reaction converts PAN into a ladder polymer which is infusible and not melt spinnable, thus, it is necessary to inhibit the cyclization reaction during melt spinning. As shown in Fig. 5 , the cyclization reaction has been almost completely inhibited for nearly half hour at 220 °C by adding 2.2% boric acid to PAN. According to Mukundan et al., half hour was empirically found to be sufficiently long to spin fibers [29] . The retardation effect of boric acid on the cyclization reaction affords a stable melt for spinning. In addition, boric acid is a famous flame retardant, which is also favored for melt spinning. 
Conclusions
The retardation effect of boric acid on the cyclization reaction was clearly observed in this study by FTIR, which is probably due to the Lewis acid nature of boric acid. A quantitative evaluation of this effect indicated two potential applications for the cheap and fast fabrication of PAN-based carbon fibers:
(1) High temperature stabilization: The time-consuming stabilization can be performed at a higher temperature for saving time, just by using a certain amount of boric acid to properly depress the fast cyclization reaction, avoiding a fierce release of heat and formation of an inhomogeneous stabilized structure.
(2) Melt spinning: The melt processability can be enhanced by using boric acid to completely inhibit the cyclization reaction, avoiding formation of an infusible ladder polymer during melt spinning.
Experimental

Materials
PAN with a viscosity-average molecular weight of about 2.1×10 5 g/mol consisting of acrylonitrile (AN) 98.5 mol% and itaconic acid (IA) 1.5 mol% was prepared by a free radical polymerization technique in dimethylsulfoxide (DMSO) solution. Boric acid was an analytic grade regent and used as received.
Treatment and characterization
A DMSO solution consisting of about 3% PAN and a certain amount of boric acid (0%, 1.2% and 2.2%) was prepared and cast onto a glass slice. DMSO was removed by evaporating in vacuum at 80 °C until a constant weight was obtained, leaving a transparent thin film, which was used for heat treatment and the following FTIR analysis.
The film was heat-treated in an air oven at a constant temperature with a temperature accuracy of 1 °C. FTIR spectra were recorded on a Thermo Nicolet Nexus 470 FTIR spectrometer in 4000-400 cm -1 range at 4 cm -1 resolution.
